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Abstract Experimental and theoretical investigations of intermetallic semi-Heusler compounds 
(CoTiSn, FeTiSb, CoTiSb, NiTiSn, CoNbSn, CoVSb, NiTiSb) and their solid solutions 
(CoTiSni_ x Sb x , CoTii_ x NbjSn) are presented. The physical properties of these systems are 
found to be mostly determined by the number of valence electrons. Resistivity experiments 
show that compounds with 18 valence electrons are either semiconductors (CoTiSb, NiTiSn) 
or semi-metals (CoNbSn). The electronic structure calculations performed on 18-valence- 
electron systems by the KKR method show nine valence bands below the Fermi level and 
a gap of order 0.4—0.9 eV. A decrease or increase of the number of valence electrons in CoTiSb, 
NiTiSn or CoNbSn leads in either case to a metallic state and either ferromagnetic (CoTiSn, 
CoVSb) or paramagnetic (FeTiSb, NiTiSb) properties. The KKR results concerning 17- and 19- 
valence-electron systems correspond well with experimental characteristics, except in the case 
of CoVSb which KKR calculations predict to be a half-metallic ferromagnet, which conflicts 
with experimental data. 

Magnetization and resistivity measurements indicate that semiconductor-metal crossovers 
occur together with the appearance of ferromagnetism in the CoTiSn i_^Sb x and Coi-^Ni^TiSn 
series, for x near 0.4. This behaviour is discussed in the context of the KKR-CPA results. 



1. Introduction 

Heusler phases are well known ternary intermetallic compounds, with general formula 
X2YZ, where X and Y are transition metals and Z is an sp element. Semi-Heusler phases 
have the same cubic structure, except that one of the X sites is empty, giving a formula 
XYZ. Due to the vacant site, the overlap between the d wave-functions is smaller, which 
gives rise to narrower bands and to the appearance of gaps in the energy spectra. This 
family of compounds attracted wide interest after the discovery for the NiMnSb and PtMnSb 
ferromagnets [1, 2] of peculiar electronic structure properties, collectively known as half- 
metallic ferromagnetism. The half-metallic character arises from the magnetic splitting of 
the bands, which leads to the occurrence of an energy gap at E F for down-spin electrons, 
together with a metallic state for up-spin electrons [3, 4]. 

In this paper we focus on the physical properties of some XYZ compounds, where the 
transport and magnetic properties are governed by the number of valence electrons (EC). 
Compounds such as NiTiSn, CoTiSb with EC = 18 were found to be semiconductors (SC) 
[5, 6]. In the following, we consider how the electronic and magnetic properties are modified 
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on passing to EC = 19 and EC = 17 systems, by adding (removing) one electron to (from) 
the different crystal lographic sites. We shall see how a crossover from a semiconducting to 
a metallic state occurs, and how it may be related to the onset of weak ferromagnetism. 

Measurements of resistivity and magnetization, as well as band-structure calculations 
by the Korringa-Kohn-Rostoker (KKR) method, were performed for the following ordered 
samples: CoTiSn, FeTiSb, CoTiSb, NiTiSn, CoNbSn, CoVSb and NiTiSb. Recently [6, 7], 
insulator-metal crossovers related to the onset of ferromagnetic ordering were detected in 
Coi-jNijcTiSn and CoTiSni_*Sbj solid solutions for x near 0.4. However, the concentration 
dependencies of the magnetic moments and Curie temperatures are not the same in these 
two series. In this paper the new series of solutions CoTii-^Nb^Sn is also described, 
where the substitution is at the Y site, and compared with the previous Coi_^Ni x TiSn and 
CoTiSni-jSb* series. As will be shown, the variations of the physical properties with 
concentration are again different, as it is not equivalent to add one electron to the X site 
(filling the d shell of Co), to the Y site (enhancing the density of d states at this site), or to the 
Z site. In order to get a deeper insight into the influence of alloying on electronic structure, 
band-structure calculations were performed for the above-mentioned alloys using the KKR 
method with the coherent potential approximation (CPA). As far as possible, the ground- 
state KKR-CPA results will be compared to observed properties, and some interpretations 
will be proposed for these series concerning insulator-metal transitions and the onset of 
ferromagnetism. 

Table 1. The lattice parameter (at RT), Curie and Curie- Weiss temperatures, spontaneous 
magnetization at 0 K and effective paramagnetic moment (per Co/Fe atom), or constant 
paramagnetic susceptibility (emu mol -1 ) for XYZ semi-Heusler compounds. The crystallo- 
graphic positions of inequivalent atoms in the unit cell can be easily derived, since the chemical 
formula is written as XYZ, where X is at (0, 0, 0), Y is at (1/4, 1/4, 1/4) and Z is at (3/4, 3/4, 
3/4) in the unit cell. 



Compound XYZ 


a (A) 


T C (K) 


M(0) {hb) 


B p (K) 


Veff 


10 4 x P 


CoTiSn 


5.997 


135 


0.357 


176 


1.35 




CoTiSb 


5.884 










1.7 


CoNbSn 


5.947 










0.53 


NiTiSn 


5.941 










1.3 


CoVSb 


5.791 


58 


0.18 


75 


1.26 


0 


NiTiSb 


5.872 










1.4 



2. Crystallography and physical properties 

Let us first describe some structural aspects of Heusler systems. The unit cell of the 
true Heusler X2YZ structure (space group: Fm3m) consists of four inter-penetrating 
fee. sublattices. If one of the two equivalent sites (0, 0, 0) or (1/2, 1/2, 1/2) (here, 
occupied by X atoms) is empty, the semi-Heusler XYZ structure (space group: F43m) 
appears [5, 8], As we see from table 1, d atoms occupy X and Y sites, while metalloids are 
located at Z positions. The smallest d metal generally occupies the site (0, 0, 0) related to 
the vacancy site (1/2, 1/2, 1/2). The XYZ systems are far from compact, and thus are subject 
to lattice instabilities. From a chemical point of view, they can be stabilized only through 
covalent bonding. Thus they are encountered when Z = Sn or Sb, and then only within 
a restricted range of peripheral electron number. The ideal valence electron concentration 
(EC) is 8 or 18 electrons per formula unit, which corresponds to AgMgAs, NiTiSn, ZrNiSn, 
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CoTiSb, CoNbSn, etc. It leads to the formation of tetrahedral bonds and sp 3 hybridization 
around the p element and favours bonding between d metals. Semiconducting properties 
occur for EC = 18 for some of the above-mentioned compounds, and disappear for other 
values of EC. 

As always for Heusler compounds, the physical properties are strongly dependent on 
the crystal lographic order. Disorder generally occurs between d metals, the more so the 
closer they are in the periodic table. Some atoms may also occupy a vacancy site. For 
these reasons, all of the samples investigated in the present work were annealed for a long 
time (one week to one month) at temperatures between 650 and 800 °C. Nevertheless, 
some atomic disorder is still observed. It is not possible for instance to obtain intrinsic 
semiconductors in these systems and band gaps cannot be determined properly from transport 
experiments below 300 K. Similarly, the residual resistivity of metallic phases remains 
significant. 




Temperature (K) 



Figure 1. The resistivity for some semi-Heusler compounds. 



2. L The Co\ - x Ni x TiSn series 

This series has already been described in previous papers [5, 6]. Here, we recall its basic 
properties. NiTiSn is a narrow-gap semiconductor (E g = 0.42 eV according to the KKR 
calculations [9]). Resistivity measurements show that the intrinsic regime is probably not 
reached even at room temperature. The experimental gap deduced between 200 and 300 K 
is only 80 meV, much smaller than calculated. This value may be representative of the 
activation energy of donor or acceptor levels (figure 1). The susceptibility is nearly constant 
between 15 and 300 K (/ = 1.3 x 10" 4 emu mol" 1 ) (see table 1). Replacing Ni by Co leads 
first to the narrowing of the gap, then to metallic conduction and finally to the appearance 
of weak ferromagnetism for a Co (or hole) concentration of about 0.45. No sharp transition 
occurs between the SC and metallic phases. The limit between semiconducting and metal- 
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like behaviours was somewhat arbitrarily set to be the concentration at which the temperature 
derivative of the resistivity changes from negative to positive, or where the low- temperature 
resistivity is of the order of the (now historical) Mott limit for metallic resistivity, i.e. a few 
m£2 cm. 

Co, NiTiSn 



i — i 1 1 1 1 1 1 rjpf — i — i \ r 




Temperature (K) 
Figure 2. Reciprocal susceptibilities for the Coi-^NijTiSn series. 

CoTiSn is a weak ferromagnet, ordering at T c = 135 K, with a moment at low 
temperature of A/(0) = 0.35 fx B (table 2). Co atoms retain a localized moment when 
diluted in NiTiSn, as shown by the susceptibility of the solutions (figure 2), which exhibit 
both Curie- Weiss-like and temperature-independent contributions: x = 0 — x)C/T + xo- 
The Curie constant C per Co ion gives an effective (paramagnetic) moment of Co close 
to 1.1 jjL B , a value similar to that for pure CoTiSn (1.35 im b )- Thus the Co paramagnetic 
moment localizes without a significant change in magnitude when diluted in NiTiSn. In 
the ferromagnetic range, T c scales as Af(O) 1 7 , which is close to the quadratic behaviour 
generally observed for localized systems. 



2.2. The CoTiSn\- x Sb x series 

Experimental results for this series have already been partly described elsewhere [10]. In 
this series the solid solution is not continuous: the lattice parameter first decreases regularly 
on adding Sb up to x = 0.5, the phases being metallic. A two-phase region, with two cubic 
Heusler phases, exists between x = 0.5 and x = 0.6, then the second semiconducting phase 
with the smaller lattice parameter continues up to the compound CoTiSb. The SC phase is 
more compact, which should be ascribed to the bonding mechanism and to the distribution 
of valence electrons. This SC-metal crossover cannot be a classical Mott transition, since 
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the SC phase here has a smaller volume than the metallic one and is not magnetically 
ordered. 

The Sn-rich phases order ferromagnetically for x < 0.5, but the solutions turn 
paramagnetic for larger Sb contents. The susceptibility behaviour changes from Curie- 
Weiss-like in the ferromagnetic range, with an effective moment per Co proportional to 
the Sn content, to the characteristic behaviour of enhanced paramagnets, with a maximum 
value in the range 50 to 100 K (figure 3) for SC solutions. A nearly constant susceptibility 
X = 1.7 x 10~ 4 emu mol"" 1 is observed for the CoTiSb, a result which is close to that 
(X = 1.14 x 10" 4 emu mol"" 1 ) obtained by Terada et al [1 1]. The magnetic susceptibility of 
this series as a function of concentration behaves like that of ZrZn 2 under pressure [12]. In 
the ferromagnetic range, 7c is proportional to M(0), a behaviour which was also observed 
in the metallic solutions between Co2TiSn and Ni2TiSn [13]. 
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Figure 3. Reciprocal susceptibilities for the CoTiSni_ x Sb T series. 

The resistivity curves of the solutions have a complex behaviour [10]: in the 
metallic range, the magnetic part of the resistivity becomes larger and larger as the 
concentration approaches the magnetic-non-magnetic boundary, giving a large F 2 -term at 
low temperature; the S shape of the resistivity is typical of spin fluctuations. For x > 0.6, 
the SC behaviour is recovered. 

Thus striking differences are observed between the CoTiSni^Sb* and the Coi^Ni^TiSn 
series. A puzzling feature is that CoTiSb does not order magnetically, and does not even 
exhibit any localized magnetism (Curie- Weiss susceptibility) whereas Co atoms diluted in 
NiTiSn do so. A first interpretation would be that an extra electron added to the Z site 
can be transferred to Co and fills the d shell. We shall see below that this picture is not 
accurate, and that another interpretation should be given. 



1018 JToboiaetal 




X 



Figure 4. Total magnetic moment variations versus alloy compositions for three isoelectronic 
series: Coi-^Ni^TiSn (squares), CoTiSni-^Sbr (circles) and CoTii_^Nb^Sn (triangles). The 
measured and KJCR-CPA points are linked by dotted and solid lines, respectively. 



Table 2. Magnetic data for solutions in the CoTii_^Nb x Sn series. 



*(Nb) 7fc (K) M(Q)(n B ) 6 p (K) n eS f 



0 


135 


0.357 


158 


1.35 


0.05 


141 


0.38 


165 


1.44 


0.15 


155 


0.40 


180 


1.51 


0.3 


120 


0.35 


151 


1.33 


0.5 


112 


0.29 


146 


1.15 


0.65 


90 


0.20 


No CW 




0.75 


23 


0.17 






0.85 


17 


0.12 






0.9 


0 


0 






1.0 


0 


0 







2. 3. The CoTi\ - x Nb x Sn series 

A third way to change EC from 17 to 18 is to operate on the third crystallographic site, 
and to replace Ti by V or Nb. Nb was chosen, since the atomic size of V is smaller than 
that of either Ti and Nb. In this case, adding a 'd electron' to the Y site should enhance 
the density of states and correlations on this site. Indeed, the effective moment per 
formula unit, 0 P , Tc and M(0) all start to increase with Nb content (table 2, figure 4) up to 
x =0.15. For x > 0.15 all of these quantities decrease, and the ferromagnetism disappears 
for x between 0.85 and 0.9. The susceptibility of CoNbSn (table 1) is nearly temperature 
independent and is lower than for other compounds with EC = 18, which may be due to 
the larger diamagnetic susceptibility of the 4d-metal core. For ferromagnetic samples, the 
square of the spontaneous magnetization M(T) varies as T 2 for x lower than 0.3, but as 
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Table 3. The quantities from the band-structure calculations: energy gap E gt total number of 
electrons (Nx, Ny and Nz\ number of d states (N x ,d, A^y.d) inside muffin-tin spheres as well 
as magnetic moments per formula unit. 



Compound 


E g (eV) 




N Y 


*2 


*X.d 




M {jib) 


CoTiSn 




26.68 


20.36 


47.83 


7.56 


1.87 


0.28 


FeTiSb 




25.57 


20.38 


48.61 


6.53 


1.96 


0.78 


CoTiSb 


0.95 


26.64 


20.34 


48.52 


7.51 


1.93 




CoNbSn 


0.4-0.6 


26.74 


38.72 


47.82 


7.54 


2.51 




NbCoSn 




39.19 


26.42 


48.04 


2.86 


7.44 




NiTiSn 


0.42 


27.73 


20.34 


47.87 


8.50 


1.94 




CoVSb 




26.61 


21.50 


48.41 


7.48 


2.95 


1.00 


NiTiSb 




27.70 


20.33 


48.44 


8.48 


1.96 


0.0 



7 4/3 for larger x. This last behaviour was already predicted by Moriya and Kawabata [14] 
and Lonzarich and Taillefer [15], and attributed to the fluctuations of the order parameter 
close to the magnetic-non-magnetic crossover. 

The resistivity measurements indicate that the metallic character is maintained 
throughout the series, although the resistivity is much higher for CoNbSn than for metallic 
CoTiSn or NiTiSb (figure 1). The behaviour observed for CoNbSn implies either a semi- 
metallic state with a low density of states, or a large atomic disorder which prevents a true 
semiconducting behaviour. Several CoNbSn samples have been prepared, but even the best 
one (shown in the figure 1) has a superconducting transition at 3.5 K, a transition temperature 
which is close to that of Sn. It is probable that some Sn filaments exist between grains 
and that the stoichiometry of the Heusler phase is not exact. The presence of this spurious 
phase (undetected by x-rays) may thus explain the metallic-like shape of the resistivity, due 
to the short-circuit of the primary CoNbSn phase. It may be due to the large difference 
between the melting points of Sn and Nb, although Co and Nb were first melted together 
to produce a eutectic with a lower melting point. 

Band-structure calculations (see below) show that the inversion of Nb and Co atoms 
gives rise to a semi-metallic phase instead of a SC one. 

2.4. Summary of the experimental results and other compounds 

The variation of the ordered magnetic moment M(0) in the three series is plotted in 
figure 4 as a function of the concentration x (or versus the valence electron number: 
17 < EC < 18). M(0) decreases continuously and almost at the same rate in the 
Coi-jNi^TiSn and CoTiSni-^Sb* series, and the ferromagnetic state disappears for x 
close to 0.6 (EC = 17.6). For the CoTii^Nb^Sn series, the magnetization and the Curie 
temperature first increase as a function of EC, and then drop to zero for EC close to 17.9. 
As previously mentioned, the last feature is due to the increase in the d DOS at the Y site 
which reinforces the magnetic interactions. 

Compounds like NiTiSb and CoVSb have 19 valence electrons, and thus a reappearance 
of metallic conduction may be expected. The magnetic properties of these systems 
have been investigated by Terada et al [11]. NiTiSb is a Pauli paramagnet, with 
X = 1-56 x 10~ 4 emu mol -1 as deduced from measurements between 25 and 250 K 
(X = 1.37 x 10" 4 emu mol -1 from reference [11]). Resistivity measurements show that 
this compound is a normal metal. The Debye temperature obtained by a Bloch-Griineisen 
fit is estimated to be 220 ± 20 K. 
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Figure 5. Total densities-of-states spectra of semi-HeusIer compounds with various numbers 
of valence electrons (EC). Each column represents isoelectronic systems. CoTiSn and FeTiSb 
(EC = 17) are metals, CoTiSb, CoNbSn and NiTiSn (EC = 18) are semiconductors, while 
CoVSb and NiTiSb (EC = 19) are again metals. 

CoVSb is a weak ferromagnet, with M(0) =0.18 fi B> and T c = 58 K [1 1]. Its effective 
paramagnetic moment is 1.26 ii B , close to the values found for CoTiSn and Co diluted in 
NiTiSn. As for CoTiSn, a fairly large ratio of the paramagnetic to the ferromagnetic moment 
is observed, which is typical of weak itinerant systems. Finally we observed that FeTiSb 
(EC = 17) is metallic and exhibits a Curie-like behaviour at low temperatures, but without 
magnetic order down to 1 .5 K. 

3. Band-structure studies 

We have implemented fully charge and spin self-consistent KKR calculations for CoTiSn, 
FeTiSb, CoTiSb, CoNbSn, NiTiSn, CoVSb and NiTiSb ordered systems. The computations 
for CoTiSn i-jSb* and CoTii-^Nb^Sn and the previous ones [9] for Coi-^Ni^TiSn (with 
x = 0.0, . , 1.0) solid solutions were performed by the KKR-CPA method [16-19]. For 
compounds as well as for alloys, muffin-tin potentials were constructed within the local 
spin-density (LSD) approach, using the exchange-correlation part of the von Barth-Hedin 
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formula [20]. The KKR-CPA self-consistency cycles were repeated for each composition 
until the difference between input and output potentials was less than 1 mRyd. For the 
final muffin-tin potentials, the total density of states (DOS), the site-decomposed densities 
of states (CDOS) and /-decomposed (with l max = 2) partial densities of states (PDOS) 
were computed on a 201 -energy-point mesh for the alloys and on a 601 -point mesh for 
the compounds. The integration in fc-space was performed using 192 small tetrahedra in 
(l/48)th of the Brillouin zone, applying the method described in reference [21]. The KKR- 
CPA code contains the generalized Lloyd formula which permits the precise determination of 
the Fermi energy, using an elliptic contour in the complex energy plane. In our computations 
the contour contained 48 energy points and the CPA Green function was computed on a mesh 
of 75 special fc-points in the irreducible part of the BZ for each of the 48 above-mentioned 
energy points. 

In our calculations the experimental lattice constants were generally used. The KKR- 
CPA calculations for disordered CoTiSni-^Sb* were performed with lattice constants 
corresponding to the values of CoTiSn and CoTiSb compounds successively. This allowed 
the influence of the lattice parameter to be checked on the electronic structure, an important 
feature in this case due to the discontinuity of the solid solution. In the CoTii^Nb^Sn 
series the variation of the cell parameter is quite small (table 1). An empty sphere was 
added at the (1/2, 1/2, 1/2) position in order to improve the filling factor of the WS cell 
for filling by non-overlapping muffin-tin spheres (for semi-Heusler systems, when using 
equal radii, this factor is less than 50%; it increases to 68% on adding extra spheres). The 
radius r mt = ^a was chosen for all non-equivalent atoms in the WS cell, although some 
numerical trials were done for the CoTiSn compound using various muffin-tin radii for Co, 
Ti and Sn atoms. 

The electronic structure of the end-point compounds was also computed using the KKR- 
CPA code. Such calculations allow the results obtained by the two methods to be compared 
and show the DOS characteristics for a vanishing or near-vanishing concentration of one 
dopant. The limit cases (x = 0 and x = 1) mean that from the KKR-CPA calculations one 
may recover for instance the DOS of the Nb atom (one-impurity properties) diluted in the 
pure CoTiSn, i.e. the CoTii^Nb^Sn (x = 0) case. 

The electronic structure of the present semi-Heusler systems is roughly divided into three 
groups, according to the number of valence electrons (17-, 18- and 19-electron systems). 
Figure 5 is a kind of phase diagram, which illustrates the electronic structure of systems and 
their corresponding ground-state properties. CoTiSn and FeTiSb (EC =17) are found to 
be metallic ferromagnets, CoTiSb, CoNbSn and NiTiSn (EC = 18) semiconductors, while 
NiTiSb and CoVSb (EC =19) are again metals in the paramagnetic and ferromagnetic 
state, respectively. From a brief comparison we observe that, even for isoelectronic 
compounds, the magnetic and transport properties strongly depend on the constituent atoms 
and their crystallographic positions. From the set of pictures in figure 5, we can easily 
draw all possible 'paths' between the ordered systems, guessing properties of possible solid 
solutions. Nevertheless, as observed in our experiments, some phase diagrams do not show 
a continuous solution. In this paper we focus on the series of solid solutions CoTiSni-^Sb* 
and CoTii-jNbjSn, which seem the most attractive for our purposes. The CoVi-^TUSb 
series has not yet been investigated experimentally and will not be presented in this paper. 

5.7. CoTiSn and FeTiSb 

The spin-projected DOS picture for CoTiSn (the top-left-hand panel in figure 5, also in 
reference [9]) shows a weak polarization corresponding to a magnetic moment of about 
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0.28 fi B per formula, which is mainly localized on the Co site (0.15 /x s inside the muffin- 
tin sphere). The conduction band is formed essentially from d states of Co with some 
admixture of Sn p states and Ti d states, but part of them are observed above a gap. The 
DOS for spin up abruptly decreases in the vicinity of the Fermi level, whereas for spin 
down E F falls almost precisely at a peak of the DOS. Electronic structure calculations 
close to the SC-metal limit and close to the magnetic instability are highly sensitive to 
the determination of the Fermi level. The DOS spectra for CoTiSn (the left-hand column 
in figure 5) and the position of E F are deduced from the KKR-CPA method (using the 
generalized Lloyd formula, when determining E F ). The KKR computations of ordered 
CoTiSn show stronger polarization of bands and result in magnetic moments both on Co 
(0.41 fi B ) and Ti (0.30 ii B ) atoms. As stated above, the relevant KKR-CPA calculations 
for CoTiSn show the magnetization to be of order 0.3 ti B , mainly due to the magnetic 
moments at Co sites. Recently, the electronic structure calculations have been performed 
for the Co2TiSn and Co2TiAl Heusler systems with the use of the FP-LAPW and the ASW- 
ASA methods [22], The comparison shows that the full-potential LAPW computations lead 
to a total magnetic moment in agreement with experiment in contrast to the ASW-ASA 
method, which gives non-magnetic ground states for these systems. This result may be 
influenced by the use of overlapping spheres (ASA) around atoms, which probably cancel 
some spin-density contributions. The calculations presented in this paper (using muffin- 
tin potentials inside non-ovelapping spheres) indicate that CoTiSn and Co2TiSn [9] are 
weak ferromagnets with the total magnetic moments 0.28 il b and 0.90 /jl b (per Co atom) 
respectively. These values are close to the experimental data (0.35 and 0.96 il b [6]) and to 
the FP-LAPW results [22]. 

The electronic structure of FeTiSb (the left-hand column in figure 5) is presented 
for comparison with that of the isoelectronic CoTiSn. FeTiSb is found to be a metallic 
ferromagnet with a total magnetic moment per formula unit of 0.78 jx B ; the calculated local 
magnetic moments at the Fe(X) and Ti(Y) sites are 0.66 /jl b and 0.10 respectively. As 
for CoTiSn, E F lies at the peak of the spin-down DOS. When comparing the component 
DOS of these two systems (not drawn here), we notice that the d states of Ti more strongly 
contribute to the conduction band in the FeTiSb system, resulting among other things in a 
small magnetic moment on Ti. The integrated partial DOS of the Ti d shell up to E F (table 2) 
exhibits a higher value for FeTiSb (Af Y =Ti,d = 1.96) than for CoTiSn (Ar Y =Ti,d = 1.86). This 
compound indeed exhibits a Curie-like behaviour typical of local magnetic moments at low 
temperature, with a nearly vanishing Curie-Weiss temperature. However, no magnetic order 
was detected experimentally down to 1.5 K. As reported in reference [23], the refinement of 
the diffraction data for FeTiSb seems to show more complex crystal lographic structure than 
the semi-Heusler one (a super-cell or disordered structure). When assuming a disorder on 
X sites within the X 2 YZ-type structure, the KKR-CPA computations show a non-magnetic 
ground state of (Feo.sEo.s^TiSb (E denotes a vacancy), in agreement with the present 
experiments. 

5.2. CoTiSb, CoNbSn and NiTiSn 

The KKR studies of semi-Heusler systems possessing 18 valence electrons show the 
presence of a semiconducting ground state. The basic difference between CoTiSb, NiTiSn 
and CoNbSn compounds concerns the value of the energy gap E g , which is biggest 
(E g = 0.95 eV) for CoTiSb (see table 2). As can be seen from the dispersion curves, 
bands for CoTiSb (figure 6) and NiTiSn [9] exhibit an indirect T-X gap, while E g for 
CoNbSn appears between the W and X points in the Brillouin zone. 
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Figure 6. The dispersion curves along high-symmetry BZ directions in the semiconducting 
CoTiSb. The symmetry labels are assigned according to reference [28]. 

In this context we recall some limits of the LSD approach in the description of 
semiconductors. The value of the computed energy gap may be also modified when 
including the spin-orbit coupling, which is not considered in the present KKR calculations. 
We expect that upon inclusion of the spin-orbit interaction, the band gaps in semi-Heusler 
systems may be reduced by about 10-15%, as concluded in reference [24] with respect to 
the half-metallic PtMnSb. 

On the other hand, transport measurements do not give reliable values for the gaps, due 
to the extrinsic character of the samples (at present, optical measurement results are not 
available for these systems). Nevertheless, the resistivity values for the three compounds 
vary in the same sense as the calculated values of the gap (see figure 1 and figure 5). 

The CoNbSn compound is near the metal-SC limit, as observed in resistivity 
measurements. The band-structure studies give an energy gap E g of the order of 0.4 eV 
(KKR-CPA) and 0.6 eV (KKR). The disagreement with experiment may arise from the 
disorder between Co and Nb sites: the KKR computations performed for NbCoSn with 
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inverted sites (Nb at the X site, while Co is at the Y site) give a semi-metallic state 
(table 3), with a small DOS at E F (13 states Ryd" 1 ) mainly due to the Co d contribution. 

Both for NiTiSn and for CoTiSb, a dominant character of the electrons (larger mobility, 
or more donor centres than acceptors) has been observed in the Hall effect. The larger 
electron mobility may be attributed to the curvature of the valence and conduction bands 
and to the threefold degeneracy of hole orbitals near the r point (the top of the valence 
band in figure 6), which limits the hole mobility. 

For NiTiSn, the main DOS peaks below E F are principally formed from Ni d states, 
while above the gap they are due to Ti d states. The situation observed for CoTiSb is 
slightly different. Here, the gap is two times larger; the electronic spectra deduced from 
KKR computations also differ from the DOS of NiTiSn. The d states of Co are separated 
by a gap, and only about 80% of the Co d states are filled below E F . The main peak 
of the Co d PDOS is shifted to higher energies, relative to the Ni d PDOS for NiTiSn, 
due to Co possessing a less attractive potential than Ni. The exact position of the Co d 
PDOS peak relative to the Fermi energy is also slightly different for CoTiSb and CoNbSn. 
Moreover, the filling of the d shell of Co in CoNbSn (N Y =Co,d = 7.54) is like that in CoTiSb 
(Af Y =co,d = 7.51) (see table 3). 

From the DOS spectra for the Y and Z sites in the above-mentioned systems (not drawn 
here), we see, that replacing Ti by Nb and Sb by Sn leads to a higher increase of d states 
below E F than the corresponding decrease of p states at the Z site. Consequently, d states 
from X and Y sites in CoTiSb and CoTiSn are less hybridized than in CoNbSn. 

In this comparison we cannot neglect the influence of the Z position on the formation of 
the energy gap. The degree of hybridization between d states at X and Y sites and p states 
at the Z site may control the value of the gap. As can be observed from the p PDOS at the 
Z site, the hybridization is stronger if Z = Sb than if Z = Sn. Thus CoTiSb (with higher 
electronegativity of Sb) has a wider E g than NiTiSn and CoNbSn systems. Nevertheless, 
the d PDOS are very large on both sides of the gap, and hence its value may also be related 
to the splitting between bonding/anti-bonding wave-functions of transition metals (see the 
discussion). 

5.5. NiTiSb and CoVSb 

Adding one electron more to the semi-Heusler EC = 1 8 compounds, at either the X or the 
Z position, turns the system metallic, with only one conduction electron per formula unit. 
When the density of states at the Fermi level is sufficient, as in CoVSb, Stoner's criterion 
is met and a ferromagnetic ground state occurs. Calculations show that, surprisingly, the 
magnetization arises from vanadium atoms. This behaviour may be explained by the fact 
that E F falls at a high peak of the d DOS for vanadium. The corresponding density for Co 
is significantly smaller, and thus the local Stoner criterion is not fulfilled. 

Both KKR and KKR-CPA methods indicate that the bands are fully polarized; thus 
CoVSb should be a half-metallic system (the right-hand column in figure 5) with a magnetic 
moment per Wigner-Seitz cell equal to 1.00 iib. The calculated local magnetic moments 
on Co, V and Sb are found to be —0.02, 1.03 and —0.03 /jl b , respectively. However, this 
magnetization value is larger than that observed by Terada et al [11]. This disagreement 
may be due to the very rapidly varying DOS in this compound near E F : from the total 
DOS for CoVSb, we also conclude that the half-metallic ferromagnetism here is linked 
to the highly localized conduction states (a large peak of the DOS at £». A different 
ground state may be favoured in a real system; thus an analysis of the total energy variation 
as a function of polarization should be undertaken. One other reason for the discrepancy 
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between experiment and theory may be the atomic disorder between Co and V atoms: V 
has a smaller radius than other 3d metals which occupy the Y sublattice. It is close to that 
of Co and this may permit greater disorder. 

Now, passing to the NiTiSb system, we notice clearly that adding one electron at the X 
site (Co replaced by Ni) does not have the same effect as increasing the number of electrons 
at the Y site by replacing Ti by V. The electronic structure of NiTiSb (figure 5) shows 
striking differences when compared to that of CoVSb. Spin-polarized KKR computations 
indicate that the ground state of NiTiSb is non-magnetic. In contrast to the Co d states in 
CoVSb, the Ni d shell in NiTiSb is more or less filled (as in NiTiSn), and the states above 
the gap are formed with Ti d states. Due to a small value of the DOS at the Fermi level, 
neither Ni nor Ti atoms in NiTiSb retain magnetic moments. This result is in agreement 
with magnetization and resistivity measurements, which indicate vanishing magnetization 
and metallic character in NiTiSb. 

3.4. CoTiSn\- x Sb x and CoTi\- x Nb x Sn alloys 

In this section we compare the electronic structure and magnetic properties derived 
from KKR-CPA computations for the isoelectronic series of alloys CoTii-jNbjSn and 
CoTiSni-jSb* (figure 7). In the CoTii-^Nb^Sn series (the right-hand column in figure 7) 
an increase of valence electron number is brought about by substitution at the Y site by a d 
element from the next group in the periodic table (Nb), while in the CoTiSni-^Sb* series 
(the left-hand column in figure 7) it is effected by doping the Z site with Sb. 

Due to the different origins of the electrons at the two substitution sites, we expect 
different behaviours of the electronic structure and magnetism for the series, upon alloying 
the parent compounds. The total magnetic moment (fj, tot ) variations versus composition are 
presented in figure 4 for three series (the Coi-^Ni^TiSn series was investigated in [9]). As 
in experiments, the variations of ii, tot (more or less proportional to fico) change non-linearly 
in all cases. The alloy compositions for which ferromagnetic ordering disappears are also 
different for the different series. Taking into account the weak ferromagnetism in all of the 
samples investigated, the critical concentrations found from KKR-CPA calculations are not 
far from the experimental results. The starting value of 0.28 ji B for the magnetic moment 
of CoTiSn at x = 0 also slightly differs from the experimental value (0.35 /x B ), which may 
modify footM dependencies. 

First let us consider CoTii-^Nb^Sn alloys. Here, an interesting observation concerns the 
concentration-dependent variation of the total magnetic moment, which exhibits a maximum 
in experiment and a plateau in the KKR-CPA calculations for Nb concentrations of about 
0.1-0.2. This is related to an increase in the d states at Y sites, which generates a small 
induced magnetic moment at this site for 0 < x < 0.2. It can be seen from the component 
DOS (the middle and right-hand columns in figure 8), which exhibits some polarization 
both at the Co site as well as at the Y site (mainly the Ti site) for x < 0.3. For higher 
Nb content, it is mainly the magnetic moment at the Co site that contributes to the total 
magnetization, which reaches zero for x -values of about 0.6-0.7. Surprisingly, both the 
gap between the conduction and valence bands in the CoTii^Nb^Sn series (the right-hand 
column in figure 7 and figure 8) and the exchange splitting become smaller as x increases. 

For x > 0.5 the density of states at the Fermi level subsequently decreases, reaching 
zero for x = 1 .0 (an energy gap of about 0.4 eV occurs). This is supported by resistivity 
measurements, which show an increase of the resistivity in Nb-rich CoTii-^Nb^Sn samples 
although, experimentally, CoNbSn appears to be more or less semi-metallic (see section 2.3). 

Crystallographic studies have shown that the solid solution was not continuous between 
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CoTiSn^Sb* 



CoTiLzNbJSn 




0.0 0.3 0.6 0.9 0.3 

ENERGY (Ry) 



0.6 0.9 



Figure 7. Total densities of states (from the KXR-CPA method) for two disordered series: 
CoTii-jcNb^Sn and CoTiSni-^Sb*. 



CoTiSn and CoTiSb. In order to investigate the influence of the lattice parameter on the 
SC^netal transition, calculations were performed for the CoTiSni.^Sb* series with the true 
parameter (figure 7 and figure 9). The overall DOS shape is not significantly changed 
(for x > 0.5); only a global shift of energies is observed. In the CoTiSni-^Sb* series 
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CoTi 1 . x Nb x Sn 




0.3 0.6 0.9 0.3 

ENERGY (Ry) 



Figure 8. Component densities of states for X and Y sites in the disordered CoTii-jpNbjSn 
series. For borderline concentrations the CDOS of one impurity in the matrix is shown, i.e. Nb 
in CoTiSn (x = 0) and Ti in CoNbSn (x = 1). 



(oppositely to the previous case), the gap between the conduction and valence bands slightly 
increases on approaching the CoTiSb compound (the left-hand column in figure 7). The 
spin polarization continuously decreases, reaching zero for x & 0.7, which corresponds well 
to magnetization measurements (x = 0.6). Nevertheless, in contrast to the results of the 
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Figure 9. Component densities of states for X and Z sites in the disordered CoTiSni-rSb* 
series. For borderline concentrations the CDOS of one impurity in the matrix is shown, i.e. Sb 
in CoTiSn (x ~ 0) and Sn in CoTiSb (jc = 1). 



transport experiments, the crossover to the semiconducting state is not observed in KKR- 
CPA spectra for intermediate concentrations, mainly due to non-zero contributions of states 
from Co and Sn atoms (figure 9). 

This rigid-band behaviour is a due to eight bands, which are filled for x = 1.0, so 
E F cannot fall into the gap for x < 1. Weakly doped samples probably still have a 
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semiconducting-like resistivity due to localization arising from the atomic disorder, which 
will be discussed in the next section. 

4. Discussion 

Some properties, such as the ferromagnetic-paramagnetic or metal-semiconductor 
crossovers, can be directly understood from electronic structure calculations, but other 
results are much less clear and need a more detailed discussion. We will first discuss 
the transport properties, and next the magnetic properties of these systems. 

4. 1. Transport properties 

We first recall that the gap in the semiconducting phases cannot be properly estimated from 
our transport experiments below 300 K, due to their extrinsic character. Thus we must rely 
on the values calculated for the ideal structure within the LSD framework. Nevertheless 
we observe that the order of magnitude of the measured resistivity goes in the same sense 
as the calculated value of the gap, both values decreasing from CoTiSb, through NiTiSn, to 
CoNbSn. This can be simply due to the fact that CoTiSb is better ordered, having fewer 
impurity states, and CoNbSn is more disordered. One discrepancy between experiments and 
calculations is the following: when the electron concentration is decreased starting from 
a SC phase (EC = 18), the resistivity retains a semiconducting-like behaviour (negative 
temperature derivative) and a large magnitude at low temperatures up to a quite large value 
for the hole concentration in the lattice. Conversely, in most cases, the CPA calculations 
indicate that there is a finite DOS at E F , which implies a metallic state. This should be 
interpreted in the following way: the CPA calculations do not completely take into account 
the inhomogeneities in the sample — that is, the different local potentials experienced by 
carriers due to the chemical disorder — since the environment at an atom is replaced by a 
mean potential. The resistivity behaviour is indeed caused by the disorder. Anderson and 
Mott [25] have treated the case of disordered semiconductors, argued for the existence of a 
mobility edge, and described the mechanism of variable-range hopping (VRH) of carriers, 
due to localization at the deepest potential wells. In the present system, the typical VRH 
law: ln(R) varying as \/T ]/4 or 1/T 1/2 , cannot be observed due to the extrinsic character, 
but hopping is the common mode of conduction in disordered semiconducting systems [26]. 

Different types of behaviour are indeed encountered in the present solid solutions. In 
the case of the Coi_ x Ni^TiSn series, calculations as well as the experimental evidence for 
a localized moment on Co show that Co levels fall into the former gap of NiTiSn, which is 
a shortcoming of the rigid-band model. This can explain why the systems remains SC until 
either a percolation limit is reached, or the Fermi level falls below (for hole doping) the 
mobility edge, when Co levels collapse into a band. In the case of the CoTiSni_^Sb^ series, 
the discontinuity of the lattice parameter of the solid solutions shows that local environment 
effects must be larger. Conversely, the CoTii-^Nb^Sn series looks correspondingly more 
homogeneous and the SC behaviour is indeed rapidly replaced by a metallic state close to 
the CoNbSn composition. 

4.2. Magnetic properties 

One first problem is to explain why some compounds present a constant paramagnetism and 
others a Curie- Weiss behaviour. Moriya and Kawabata [14] have shown that the existence of 
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strictly localized magnetic moments is not a necessary condition for the existence of Curie- 
Weiss behaviour. Generally, the Curie-Weiss behaviour has been found to be associated 
with a sharp peak of the DOS at E F . Thus we will try to relate magnetic properties to the 
density of states. We must also explain why localized states of Co diluted in NiTiSn have 
a small effective moment, why CoTiSb does not show any localized magnetic moments, 
and also why itinerant magnetic features are observed for narrow bands and, thus, close to 
a SC-metal transition. 

The first observation is that the semiconducting phases NiTiSn and CoTiSb as well as 
metallic NiTiSb present a susceptibility which does not depend on temperature, whereas 
CoTiSn and CoVSb present a weak ferromagnetism with a Curie-Weiss behaviour in the 
paramagnetic range. 

Let us first ask what the nature is of the semiconducting phase CoTiSb (charge- 
transfer, Mott-Hubbard, or another type of semiconductor), and why there is no Curie- 
Weiss magnetism in this compound. In contrast to the case of Ni in NiTiSn, the d shell of 
the Co atom is not filled. Electronic structure calculations show (table 3) that there is no 
more charge transfer from Sb to Co than from Sn to Co in CoTiSn: the number of electrons 
within the muffin-tin (MT) sphere of Co is the same for the two compounds, and from the 
partial d DOS the configuration of Co is about 3d 8 . Large electronic correlations within the 
d shell should maintain a strong intra-atomic coupling. Since Sb p levels are centred well 
below the gap and have a weak partial DOS on both sides of the gap, we conclude that this 
gap does not arise only from the charge transfer between Sb and metals. On the other hand, 
the energy bands (figure 6) show that the splitting between 1^5' (occupied t2 g states of Co 
and Ti below Ep) and the unoccupied level Tn (e g states above the gap) is about 2 eV. 
The Co d PDOS is dominant below the gap, and Ti levels dominate above. Thus the gap 
seems to be due mainly to the hybridization between Co and Ti and the energy difference 
between bonding and anti-bonding states. 

The splitting of d states also indicates that the crystal field around Co is fairly large. 
In this case, according to Goodenough [27], the spin of the ground state resulting from 
the crystal field and spin-orbit coupling may be quenched. For a 3d 8 configuration in a 
tetrahedral interstice, it has been predicted that the ground state is a non-magnetic singlet 
(T\ representation), followed by a r 4 triplet [27]. This non-magnetic ground state expected 
for the ionic configuration may tentatively explain why CoTiSb fails to exhibit any Curie- 
Weiss behaviour, although this ionic picture should be treated with caution due to the strong 
hybridization with ligands. The hybridization itself, splitting the last occupied bands around 
the gap, may give rise to this non-magnetic situation. 

The constant paramagnetism for other semiconducting phases can be explained as for 
CoTiSb by a non-magnetic ground state or weak correlations (NiTiSn, CoNbSn), whereas 
for the NiTiSb metallic phase the more or less uniform Pauli susceptibility is related to a 
low density of states at E F . 

Conversely, the Curie-Weiss behaviour observed in CoTiSn (or CoVSb) is obviously 
associated with the presence of a high local density of states at Ep , as revealed by band 
calculations, and can be rather well understood within the framework of itinerant-electron 
magnetism. Due to the presence of the gap, only one hole (or electron) participates 
in conduction and in magnetic ordering, which favours a ferromagnetic type of order. 
Surprisingly, the magnetic moment in CoVSb is expected to lie on the V atom which has 
the highest DOS at Ef, rather than on the Co atom. Such a situation should be verified by 
polarized neutron experiments on single crystals, which is the only way to measure such 
low ferromagnetic moments. 

For solid solutions like Coi-^NijcTiSn, we pass progressively from one regime to the 
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other, and the susceptibility can be described by the superposition of a Curie-like term plus 
a constant susceptibility: x = O — x)C/T + xo* The Curie term comes from the rather 
well localized Co contribution, the other from other d electrons. This is a typical example 
of localization without a large change in the Co effective moment (1.1 fx B for Co diluted 
in NiTiSn, compared to 1.35 for pure CoTiSn). The KKR-CPA band calculations [9] show 
that the Co d levels tend to form acceptor levels in the gap of NiTiSn (a shortcoming of 
the rigid-band model), which gives rise to a non-homogeneous magnetism localized at the 
Co sites. The ferromagnetic order appears when these impurity states are close enough to 
give rise to a band and thus to a large enough density of states at E F . A percolation limit 
can be defined which corresponds to about 0.4 of a hole per formula unit. 

The picture of spin quenching by the crystalline field can also explain, together with the 
weak ferromagnetism expected from the itinerant model, why the magnetic moment is so 
low for CoTiSn or for Coi_^Ni x TiSn solutions. Crystal fields and hybridization give rise to 
a strong breakdown of Hund's rule and to a low-spin state. One interesting feature is that 
the effective moment remains close to 1.2 for CoTiSn, for CoVSb and also for some 
other weak ferromagnets. 

Another peculiar feature is the observation of a susceptibility maximum in the 
CoTiSni-^Sb* series close to CoTiSb. Such a behaviour has also been observed for some 
enhanced paramagnets (YC02 for instance) as for ZrZn 2 under pressure [12]. Most probably 
it is related to a pronounced minimum in the DOS at E F , giving a positive second derivative 
n"(E F ); the existence of such a minimum is expected as a consequence of the former gap. 

4.3. Conclusions and further developments 

In summary, many very different behaviours have been observed in these semi-Heusler 
phases, from semiconductor to metal, from Paul i- like to Curie- Weiss paramagnet, from 
paramagnetic to ferromagnetic ground state. An overall agreement has been observed 
between experimental data and electronic band calculations. Some discrepancies remain, 
since calculations predict for example a ferromagnetic state for FeTiSb (but a non-magnetic 
state for (Feo.sEn.shTiSb) and a fully polarized state for CoVSb which are not observed. 
Some of the discrepancies may be attributed to the crystallographic disorder in the real 
lattices and others to the extreme instability of the magnetic polarization near the magnetic- 
non-magnetic crossover. 

Further experiments are planned to investigate in more detail the appearance of 
magnetism at the Y site, and to follow by substituting for atoms from Ti to Mn the 
evolution of the ferromagnetic state from the weak-ferromagnet case to the case of complete 
ferromagnetic polarization and half-metallic behaviour, as found for NiMnSb. 
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Abstract of JP2001 189495 

PROBLEM TO BE SOLVED: To give a guide for combining the configuration atoms of a thermoelectric 
conversion material for constituting a Heusler-type compound. 

SOLUTION: Neutral atom configuration atoms for composing neutral atoms by eliminating insufficient 
electron-filled state in the s, p, and d orbitals of electron orbitals, a cation configuration atom for 
composing a cation by eliminating insufficient electron-filled state in the s, p, and d orbits of the electron 
orbitals, an anion configuration atom for composing an anion by eliminating insufficient electron-filled state 
in the s, p, and d orbitals of the electron orbitals are combined so that the charge balance, based on the 
anion configuration atom and the cation configuration atom can be balanced, thus constituting the 
thermoelectric conversion material of a Heusler-type compound. 
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Abstract Experimental and theoretical investigations of intermetallic semi-Heusler compounds 
(CoTiSn, FeTiSb, CoTiSb, NiTiSn, CoNbSn, CoVSb, NiTiSb) and their solid solutions 
(CoTiSni_ x Sb x , CoTii_ x Nb^Sn) are presented. The physical properties of these systems are 
found to be mostly determined by the number of valence electrons. Resistivity experiments 
show that compounds with 18 valence electrons are either semiconductors (CoTiSb, NiTiSn) 
or semi-metals (CoNbSn). The electronic structure calculations performed on 18- valence- 
electron systems by the KKR method show nine valence bands below the Fermi level and 
a gap of order 0.4—0.9 eV. A decrease or increase of the number of valence electrons in CoTiSb, 
NiTiSn or CoNbSn leads in either case to a metallic state and either ferromagnetic (CoTiSn, 
CoVSb) or paramagnetic (FeTiSb, NiTiSb) properties. The KKR results concerning 17- and 19- 
valence-electron systems correspond well with experimental characteristics, except in the case 
of CoVSb which KKR calculations predict to be a half-metallic ferromagnet, which conflicts 
with experimental data. 

Magnetization and resistivity measurements indicate that semiconductor-metal crossovers 
occur together with the appearance of ferromagnet ism in the CoTiSn l-xSb* and Coi-jcNixTiSn 
series, for jc near 0.4. This behaviour is discussed in the context of the KKR-CPA results. 



1. Introduction 

Heusler phases are well known ternary intermetallic compounds, with general formula 
X2YZ, where X and Y are transition metals and Z is an sp element. Semi-Heusler phases 
have the same cubic structure, except that one of the X sites is empty, giving a formula 
XYZ. Due to the vacant site, the overlap between the d wave-functions is smaller, which 
gives rise to narrower bands and to the appearance of gaps in the energy spectra. This 
family of compounds attracted wide interest after the discovery for the NiMnSb and PtMnSb 
ferromagnets [1, 2] of peculiar electronic structure properties, collectively known as half- 
metallic ferromagnetism. The half-metallic character arises from the magnetic splitting of 
the bands, which leads to the occurrence of an energy gap at E F for down-spin electrons, 
together with a metallic state for up-spin electrons [3, 4], 

In this paper we focus on the physical properties of some XYZ compounds, where the 
transport and magnetic properties are governed by the number of valence electrons (EC). 
Compounds such as NiTiSn, CoTiSb with EC = 18 were found to be semiconductors (SC) 
[5, 6]. In the following, we consider how the electronic and magnetic properties are modified 
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on passing to EC = 19 and EC = 17 systems, by adding (removing) one electron to (from) 
the different crystallographic sites. We shall see how a crossover from a semiconducting to 
a metallic state occurs, and how it may be related to the onset of weak ferromagnetism. 

Measurements of resistivity and magnetization, as well as band-structure calculations 
by the Korringa-Kohn-Rostoker (KKR) method, were performed for the following ordered 
samples: CoTiSn, FeTiSb, CoTiSb, NiTiSn, CoNbSn, CoVSb and NiTiSb. Recently [6, 7], 
insulator-metal crossovers related to the onset of ferromagnetic ordering were detected in 
Coi-^NijfTiSn and CoTiSni-^Sb* solid solutions for x near 0.4. However, the concentration 
dependencies of the magnetic moments and Curie temperatures are not the same in these 
two series. In this paper the new series of solutions CoTii_ x Nb x Sn is also described, 
where the substitution is at the Y site, and compared with the previous Coi-^NUTiSn and 
CoTiSni-jSb* series. As will be shown, the variations of the physical properties with 
concentration are again different, as it is not equivalent to add one electron to the X site 
(filling the d shell of Co), to the Y site (enhancing the density of d states at this site), or to the 
Z site. In order to get a deeper insight into the influence of alloying on electronic structure, 
band-structure calculations were performed for the above-mentioned alloys using the KKR 
method with the coherent potential approximation (CPA). As far as possible, the ground- 
state KKR-CPA results will be compared to observed properties, and some interpretations 
will be proposed for these series concerning insulatoMnetal transitions and the onset of 
ferromagnetism . 

Table 1. The lattice parameter (at RT), Curie and Curie- Weiss temperatures, spontaneous 
magnetization at 0 K and effective paramagnetic moment (per Co/Fe atom), or constant 
paramagnetic susceptibility (emu mo! -1 ) for XYZ semi-Heusler compounds. The crystallo- 
graphic positions of in equivalent atoms in the unit cell can be easily derived, since the chemical 
formula is written as XYZ, where X is at (0, 0, 0), Y is at (1/4, 1/4, 1/4) and Z is at (3/4, 3/4, 
3/4) in the unit cell. 



Compound XYZ 


fl (A) 


7c(K) 


M(0) (mb) 


0 P QQ 


Veff 


io 4 x P 


CoTiSn 


5.997 


135 


0.357 


176 


1.35 




CoTiSb 


5.884 










1.7 


CoNbSn 


5.947 










0.53 


NiTiSn 


5.941 










1.3 


CoVSb 


5.791 


58 


0.18 


75 


1.26 


0 


NiTiSb 


5.872 










1.4 



2. Crystallography and physical properties 

Let us first describe some structural aspects of Heusler systems. The unit cell of the 
true Heusler X2YZ structure (space group: Fm3m) consists of four inter-penetrating 
fee. sublattices. If one of the two equivalent sites (0, 0, 0) or (1/2, 1/2, 1/2) (here, 
occupied by X atoms) is empty, the semi-Heusler XYZ structure (space group: F43m) 
appears [5, 8]. As we see from table 1, d atoms occupy X and Y sites, while metalloids are 
located at Z positions. The smallest d metal generally occupies the site (0, 0, 0) related to 
the vacancy site (1/2, 1/2, 1/2). The XYZ systems are far from compact, and thus are subject 
to lattice instabilities. From a chemical point of view, they can be stabilized only through 
covalent bonding. Thus they are encountered when Z = Sn or Sb, and then only within 
a restricted range of peripheral electron number. The ideal valence electron concentration 
(EC) is 8 or 18 electrons per formula unit, which corresponds to AgMgAs, NiTiSn, ZrNiSn, 
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CoTiSb, CoNbSn, etc. It leads to the formation of tetrahedral bonds and sp 3 hybridization 
around the p element and favours bonding between d metals. Semiconducting properties 
occur for EC = 1 8 for some of the above-mentioned compounds, and disappear for other 
values of EC. 

As always for Heusler compounds, the physical properties are strongly dependent on 
the crystallographic order. Disorder generally occurs between d metals, the more so the 
closer they are in the periodic table. Some atoms may also occupy a vacancy site. For 
these reasons, all of the samples investigated in the present work were annealed for a long 
time (one week to one month) at temperatures between 650 and 800 °C. Nevertheless, 
some atomic disorder is still observed. It is not possible for instance to obtain intrinsic 
semiconductors in these systems and band gaps cannot be determined properly from transport 
experiments below 300 K. Similarly, the residual resistivity of metallic phases remains 
significant. 



Z — I — I — I — I — | — I — I — I — I — | — I — I — 1 — I — Z 




0 100 200 300 



Temperature (K) 
Figure 1. The resistivity for some semi-Heusler compounds. 



2.1. The Co\- x Ni x TiSn series 

This series has already been described in previous papers [5, 6]. Here, we recall its basic 
properties. NiTiSn is a narrow-gap semiconductor (E g = 0.42 eV according to the KKR 
calculations [9]). Resistivity measurements show that the intrinsic regime is probably not 
reached even at room temperature. The experimental gap deduced between 200 and 300 K 
is only 80 meV, much smaller than calculated.- This value may be representative of the 
activation energy of donor or acceptor levels (figure 1). The susceptibility is nearly constant 
between 15 and 300 K (x — 1.3 x 10" 4 emu mol^ 1 ) (see table 1). Replacing Ni by Co leads 
first to the narrowing of the gap, then to metallic conduction and finally to the appearance 
of weak ferromagnetism for a Co (or hole) concentration of about 0.45. No sharp transition 
occurs between the SC and metallic phases. The limit between semiconducting and metal- 



1016 JToboia et al 



like behaviours was somewhat arbitrarily set to be the concentration at which the temperature 
derivative of the resistivity changes from negative to positive, or where the low-temperature 
resistivity is of the order of the (now historical) Mott limit for metallic resistivity, i.e. a few 
m£2 cm. 

Co, Ni TiSn 
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Figure 2. Reciprocal susceptibilities for the Coi^ x Ni x TiSn series. 

CoTiSn is a weak ferromagnet, ordering at T c == 135 K, with a moment at low 
temperature of A/(0) = 0.35 \i B (table 2). Co atoms retain a localized moment when 
diluted in NiTiSn, as shown by the susceptibility of the solutions (figure 2), which exhibit 
both Curie- Weiss-like and temperature-independent contributions: x = 0 — x)C/T 4- Xo- 
The Curie constant C per Co ion gives an effective (paramagnetic) moment of Co close 
to 1.1 fi B , a value similar to that for pure CoTiSn (1.35 fi B y Thus the Co paramagnetic 
moment localizes without a significant change in magnitude when diluted in NiTiSn. In 
the ferromagnetic range, T c scales as Af (0) 1 7 , which is close to the quadratic behaviour 
generally observed for localized systems. 



2.2. The CoTiSn\- x Sb x series 

Experimental results for this series have already been partly described elsewhere [10]. In 
this series the solid solution is not continuous: the lattice parameter first decreases regularly 
on adding Sb up to x — 0.5, the phases being metallic. A two-phase region, with two cubic 
Heusler phases, exists between x = 0.5 and x — 0.6, then the second semiconducting phase 
with the smaller lattice parameter continues up to the compound CoTiSb. The SC phase is 
more compact, which should be ascribed to the bonding mechanism and to the distribution 
of valence electrons. This SC-metal crossover cannot be a classical Mott transition, since 
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the SC phase here has a smaller volume than the metallic one and is not magnetically 
ordered. 

The Sn-rich phases order ferromagnetically for x < 0.5, but the solutions turn 
paramagnetic for larger Sb contents. The susceptibility behaviour changes from Curie- 
Weiss-like in the ferromagnetic range, with an effective moment per Co proportional to 
the Sn content, to the characteristic behaviour of enhanced paramagnets, with a maximum 
value in the range 50 to 100 K (figure 3) for SC solutions. A nearly constant susceptibility 
X — 1.7 x 10~ 4 emu mol" 1 is observed for the CoTiSb, a result which is close to that 
(/ = 1.14 x 10~ 4 emu mol -1 ) obtained by Terada et al [1 1]. The magnetic susceptibility of 
this series as a function of concentration behaves like that of ZrZn2 under pressure [12], In 
the ferromagnetic range, T c is proportional to M (0), a behaviour which was also observed 
in the metallic solutions between Co2TiSn and Ni2TiSn [13]. 

CoTiSn Sb 
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Figure 3. Reciprocal susceptibilities for the CoTiSni_ x Sb x series. 

The resistivity curves of the solutions have a complex behaviour [10]: in the 
metallic range, the magnetic part of the resistivity becomes larger and larger as the 
concentration approaches the magnetic-non-magnetic boundary, giving a large T 2 -term at 
low temperature; the S shape of the resistivity is typical of spin fluctuations. For x > 0.6, 
the SC behaviour is recovered. 

Thus striking differences are observed between the CoTiSni^Sb* and the Coi^NijfTiSn 
series. A puzzling feature is that CoTiSb does not order magnetically, and does not even 
exhibit any localized magnetism (Curie— Weiss susceptibility) whereas Co atoms diluted in 
NiTiSn do so. A first interpretation would be that an extra electron added to the Z site 
can be transferred to Co and fills the d shell. We shall see below that this picture is not 
accurate, and that another interpretation should be given. 
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Figure 4. Total magnetic moment variations versus alloy compositions for three isoelectronic 
series: Coi_ x Ni*TiSn (squares), CoTiSni_ x Sbjc (circles) and CoTii^Nb^Sn (triangles). The 
measured and KKR-CPA points are linked by dotted and solid lines, respectively. 



Table 2. Magnetic data for solutions in the CoTii-^Nb^Sn series. 
*(Nb) 7c (K) M(0)(/x*) M K > 



0 


135 


0.357 


158 


1.35 


0.05 


141 


0.38 


165 


1.44 


0.15 


155 


0.40 


180 


1.51 


0.3 


120 


0.35 


151 


1.33 


0.5 


112 


0.29 


146 


1.15 


0.65 


90 


0.20 


No CW 




0.75 


23 


0.17 






0.85 


17 


0.12 






0.9 


0 


0 






1.0 


0 


0 







2.3. The CoTi\- x Nb x Sn series 

A third way to change EC from 17 to 18 is to operate on the third crystallographic site, 
and to replace Ti by V or Nb. Nb was chosen, since the atomic size of V is smaller than 
that of either Ti and Nb. In this case, adding a c d electron' to the Y site should enhance 
the density of states and correlations on this site. Indeed, the effective moment ji e ff per 
formula unit, 0 P , Tc and M(0) all start to increase with Nb content (table 2, figure 4) up to 
x — 0.15. For x > 0.15 all of these quantities decrease, and the ferromagnetism disappears 
for jc between 0.85 and 0.9. The susceptibility of CoNbSn (table 1) is nearly temperature 
independent and is lower than for other compounds with EC =18, which may be due to 
the larger diamagnetic susceptibility of the 4d-metal core. For ferromagnetic samples, the 
square of the spontaneous magnetization M(T) varies as T 2 for x lower than 0.3, but as 
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Table 3. The quantities from the band-structure calculations: energy gap E g , total number of 
electrons (Wx, Ny and N z ), number of d states (7Vx,d, #Y,d) inside muffin-tin spheres as well 
as magnetic moments per formula unit. 



Compound 


E g (eV) 




Ny 


Nz 




Ny A 




CoTiSn 




26.68 


20.36 


47.83 


7.56 


1.87 


0.28 


FeTiSb 




25.57 


20.38 


48.61 


6.53 


1.96 


0.78 


CoTiSb 


0.95 


26.64 


20.34 


48.52 


7.51 


1.93 




CoNbSn 


0.4-0.6 


26.74 


38.72 


47.82 


7.54 


2.51 




NbCoSn 




39.19 


26.42 


48.04 


2.86 


7.44 




NiTiSn 


0.42 


27.73 


20.34 


47.87 


8.50 


1.94 




CoVSb 




26.61 


21.50 


48.41 


7.48 


2.95 


1.00 


NiTiSb 




27.70 


20.33 


48.44 


8.48 


1.96 


0.0 



T 4/3 for larger x. This last behaviour was already predicted by Moriya and Kawabata [14] 
and Lonzarich and Taillefer [15], and attributed to the fluctuations of the order parameter 
close to the magnetic-non-magnetic crossover. 

The resistivity measurements indicate that the metallic character is maintained 
throughout the series, although the resistivity is much higher for CoNbSn than for metallic 
CoTiSn or NiTiSb (figure 1). The behaviour observed for CoNbSn implies either a semi- 
metallic state with a low density of states, or a large atomic disorder which prevents a true 
semiconducting behaviour. Several CoNbSn samples have been prepared, but even the best 
one (shown in the figure 1) has a superconducting transition at 3.5 K, a transition temperature 
which is close to that of Sn. It is probable that some Sn filaments exist between grains 
and that the stoichiometry of the Heusler phase is not exact. The presence of this spurious 
phase (undetected by x-rays) may thus explain the metallic-like shape of the resistivity, due 
to the short-circuit of the primary CoNbSn phase. It may be due to the large difference 
between the melting points of Sn and Nb, although Co and Nb were first melted together 
to produce a eutectic with a lower melting point. 

Band-structure calculations (see below) show that the inversion of Nb and Co atoms 
gives rise to a semi-metallic phase instead of a SC one. 

2.4. Summary of the experimental results and other compounds 

The variation of the ordered magnetic moment Af(0) in the three series is plotted in 
figure 4 as a function of the concentration x (or versus the valence electron number: 
17 < EC < 18). A/(0) decreases continuously and almost at the same rate in the 
Coi-jNi^TiSn and CoTiSni-^Sb* series, and the ferromagnetic state disappears for x 
close to 0.6 (EC = 17.6). For the Colli _ x Nb x Sn series, the magnetization and the Curie 
temperature first increase as a function of EC, and then drop to zero for EC close to 17.9. 
As previously mentioned, the last feature is due to the increase in the d DOS at the Y site 
which reinforces the magnetic interactions. 

Compounds like NiTiSb and CoVSb have 19 valence electrons, and thus a reappearance 
of metallic conduction may be expected. The magnetic properties of these systems 
have been investigated by Terada et al [11]. NiTiSb is a Pauli paramagnet, with 
X = 1.56 x 10~ 4 emu mol" 1 as deduced from measurements between 25 and 250 K 
(X = 1.37 x 10~ 4 emu mol" 1 from reference [11]). Resistivity measurements show that 
this compound is a normal metal. The Debye temperature obtained by a Bloch-Gruneisen 
fit is estimated to be 220 ± 20 K. 
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Figure 5. Total densities-of-states spectra of semi-Heusler compounds with various numbers 
of valence electrons (EC). Each column represents isoelectronic systems. CoTiSn and FeTiSb 
(EC = 17) are metals, CoTiSb, CoNbSn and NiTiSn (EC = 18) are semiconductors, while 
CoVSb and NiTiSb (EC = 19) are again metals. 

CoVSb is a weak ferromagnet, with A/(0) = 0.18 /z*, and T c = 58 K [11]. Its effective 
paramagnetic moment is 1.26 fi B , close to the values found for CoTiSn and Co diluted in 
NiTiSn. As for CoTiSn, a fairly large ratio of the paramagnetic to the ferromagnetic moment 
is observed, which is typical of weak itinerant systems. Finally we observed that FeTiSb 
(EC = 17) is metallic and exhibits a Curie-like behaviour at low temperatures, but without 
magnetic order down to 1.5 K. 



3. Band-structure studies 

We have implemented fully charge and spin self-consistent KKR calculations for CoTiSn, 
FeTiSb, CoTiSb, CoNbSn, NiTiSn, CoVSb and NiTiSb ordered systems. The computations 
for CoTiSni-^Sb, and CoTii^Nb^Sn and the previous ones [9] for Coi_,Ni,TiSn (with 
x = 0.0, . . . , 1.0) solid solutions were performed by the KKR-CPA method [16-19]. For 
compounds as well as for alloys, muffin-tin potentials were constructed within the local 
spin-density (LSD) approach, using the exchange-correlation part of the von Barth-Hedin 
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formula [20]. The KKR-CPA self-consistency cycles were repeated for each composition 
until the difference between input and output potentials was less than 1 mRyd. For the 
final muffin-tin potentials, the total density of states (DOS), the site-decomposed densities 
of states (CDOS) and /-decomposed (with l max = 2) partial densities of states (PDOS) 
were computed on a 201 -energy-point mesh for the alloys and on a 601 -point mesh for 
the compounds. The integration in fc-space was performed using 192 small tetrahedra in 
(l/48)th of the Brillouin zone, applying the method described in reference [21]. The KKR- 
CPA code contains the generalized Lloyd formula which permits the precise determination of 
the Fermi energy, using an elliptic contour in the complex energy plane. In our computations 
the contour contained 48 energy points and the CPA Green function was computed on a mesh 
of 75 special fc-points in the irreducible part of the BZ for each of the 48 above-mentioned 
energy points. 

In our calculations the experimental lattice constants were generally used. The KKR- 
CPA calculations for disordered CoTiSni_,Sb x were performed with lattice constants 
corresponding to the values of CoTiSn and CoTiSb compounds successively. This allowed 
the influence of the lattice parameter to be checked on the electronic structure, an important 
feature in this case due to the discontinuity of the solid solution. In the CoTii_*Nb x Sn 
series the variation of the cell parameter is quite small (table 1). An empty sphere was 
added at the (1/2, 1/2, 1/2) position in order to improve the filling factor of the WS cell 
for filling by non-overlapping muffin-tin spheres (for semi-Heusler systems, when using 
equal radii, this factor is less than 50%; it increases to 68% on adding extra spheres). The 
radius r mt = &a was chosen for all non-equivalent atoms in the WS cell, although some 
numerical trials were done for the CoTiSn compound using various muffin-tin radii for Co, 
Ti and Sn atoms. 

The electronic structure of the end-point compounds was also computed using the KKR- 
CPA code. Such calculations allow the results obtained by the two methods to be compared 
and show the DOS characteristics for a vanishing or near-vanishing concentration of one 
dopant. The limit cases (jc = 0 and x — 1) mean that from the KKR-CPA calculations one 
may recover for instance the DOS of the Nb atom (one-impurity properties) diluted in the 
pure CoTiSn, i.e. the CoTii_ x Nb x Sn (x = 0) case. 

The electronic structure of the present semi-Heusler systems is roughly divided into three 
groups, according to the number of valence electrons (17-, 18- and 19-electron systems). 
Figure 5 is a kind of phase diagram, which illustrates the electronic structure of systems and 
their corresponding ground-state properties. CoTiSn and FeTiSb (EC = 17) are found to 
be metallic ferromagnets, CoTiSb, CoNbSn and NiTiSn (EC = 18) semiconductors, while 
NiTiSb and CoVSb (EC = 19) are again metals in the paramagnetic and ferromagnetic 
state, respectively. From a brief comparison we observe that, even for isoelectronic 
compounds, the magnetic and transport properties strongly depend on the constituent atoms 
and their crystallographic positions. From the set of pictures in figure 5, we can easily 
draw all possible 'paths* between the ordered systems, guessing properties of possible solid 
solutions. Nevertheless, as observed in our experiments, some phase diagrams do not show 
a continuous solution. In this paper we focus on the series of solid solutions CoTiSni-jfSb* 
and Colli -^NbjcSn, which seem the most attractive for our purposes. The CoVi_jrTi x Sb 
series has not yet been investigated experimentally and will not be presented in this paper. 

5.7. CoTiSn and FeTiSb 

The spin-projected DOS picture for CoTiSn (the top-left-hand panel in figure 5, also in 
reference [9]) shows a weak polarization corresponding to a magnetic moment of about 
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0.28 ii B per formula, which is mainly localized on the Co site (0.15 fi B inside the muffin- 
tin sphere). The conduction band is formed essentially from d states of Co with some 
admixture of Sn p states and Ti d states, but part of them are observed above a gap. The 
DOS for spin up abruptly decreases in the vicinity of the Fermi level, whereas for spin 
down E F falls almost precisely at a peak of the DOS. Electronic structure calculations 
close to the SC-metal limit and close to the magnetic instability are highly sensitive to 
the determination of the Fermi level. The DOS spectra for CoTiSn (the left-hand column 
in figure 5) and the position of Ef are deduced from the KKR-CPA method (using the 
generalized Lloyd formula, when determining Ef)- The KKR computations of ordered 
CoTiSn show stronger polarization of bands and result in magnetic moments both on Co 
(0.41 fi B ) and Ti (0.30 fi B ) atoms. As stated above, the relevant KKR-CPA calculations 
for CoTiSn show the magnetization to be of order 0.3 fi B> mainly due to the magnetic 
moments at Co sites. Recently, the electronic structure calculations have been performed 
for the Co2TiSn and Co2TiAl Heusler systems with the use of the FP-LAPW and the ASW- 
ASA methods [22]. The comparison shows that the full-potential LAPW computations lead 
to a total magnetic moment in agreement with experiment in contrast to the ASW-ASA 
method, which gives non-magnetic ground states for these systems. This result may be 
influenced by the use of overlapping spheres (ASA) around atoms, which probably cancel 
some spin-density contributions. The calculations presented in this paper (using muffin- 
tin potentials inside non-ovelapping spheres) indicate that CoTiSn and Cc^TiSn [9] are 
weak ferromagnets with the total magnetic moments 0.28 fi B and 0.90 fi B (per Co atom) 
respectively. These values are close to the experimental data (0.35 and 0.96 il b [6]) and to 
the FP-LAPW results [22]. 

The electronic structure of FeTiSb (the left-hand column in figure 5) is presented 
for comparison with that of the isoelectronic CoTiSn. FeTiSb is found to be a metallic 
ferromagnet with a total magnetic moment per formula unit of 0.78 ii B \ the calculated local 
magnetic moments at the Fe(X) and Ti(Y) sites are 0.66 ji B and 0.10 }i B , respectively. As 
for CoTiSn, Ep lies at the peak of the spin-down DOS. When comparing the component 
DOS of these two systems (not drawn here), we notice that the d states of Ti more strongly 
contribute to the conduction band in the FeTiSb system, resulting among other things in a 
small magnetic moment on Ti. The integrated partial DOS of the 71 d shell up to E F (table 2) 
exhibits a higher value for FeTiSb (W Y =Ti,d = 1.96) than for CoTiSn {N Y =n^ - 186). This 
compound indeed exhibits a Curie-like behaviour typical of local magnetic moments at low 
temperature, with a nearly vanishing Curie— Weiss temperature. However, no magnetic order 
was detected experimentally down to 1 .5 K. As reported in reference [23], the refinement of 
the diffraction data for FeTiSb seems to show more complex crystallographic structure than 
the semi-Heusler one (a super-cell or disordered structure). When assuming a disorder on 
X sites within the XaYZ-type structure, the KKR-CPA computations show a non-magnetic 
ground state of (Feo.sEo^TiSb (E denotes a vacancy), in agreement with the present 
experiments. 

5.2. CoTiSb, CoNbSn and NffiSn 

The KKR studies of semi-Heusler systems possessing 18 valence electrons show the 
presence of a semiconducting ground state. The basic difference between CoTiSb, NiTiSn 
and CoNbSn compounds concerns the value of the energy gap E g9 which is biggest 
(Eg = 0.95 eV) for CoTiSb (see table 2). As can be seen from the dispersion curves, 
bands for CoTiSb (figure 6) and NiTiSn [9] exhibit an indirect T-X gap, while E g for 
CoNbSn appears between the W and X points in the Brillouin zone. 
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Figure 6. The dispersion curves along high-symmetry BZ directions in the semiconducting 
CoTiSb. The symmetry labels are assigned according to reference [28]. 

In this context we recall some limits of the LSD approach in the description of 
semiconductors. The value of the computed energy gap may be also modified when 
including the spin-orbit coupling, which is not considered in the present KKR calculations. 
We expect that upon inclusion of the spin-orbit interaction, the band gaps in semi-Heusler 
systems may be reduced by about 10-15%, as concluded in reference [24] with respect to 
the half-metallic PtMnSb. 

On the other hand, transport measurements do not give reliable values for the gaps, due 
to the extrinsic character of the samples (at present, optical measurement results are not 
available for these systems). Nevertheless, the resistivity values for the three compounds 
vary in the same sense as the calculated values of the gap (see figure 1 and figure 5). 

The CoNbSn compound is near the metal-SC limit, as observed in resistivity 
measurements. The band-structure studies give an energy gap E g of the order of 0.4 eV 
(KKR-CPA) and 0.6 eV (KKR). The disagreement with experiment may arise from the 
disorder between Co and Nb sites: the KKR computations performed for NbCoSn with 
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inverted sites (Nb at the X site, while Co is at the Y site) give a semi-metallic state 
(table 3), with a small DOS at E F (13 states Ryd" 1 ) mainly due to the Co d contribution. 

Both for NiTiSn and for CoTiSb, a dominant character of the electrons (larger mobility, 
or more donor centres than acceptors) has been observed in the Hall effect. The larger 
electron mobility may be attributed to the curvature of the valence and conduction bands 
and to the threefold degeneracy of hole orbitals near the T point (the top of the valence 
band in figure 6), which limits the hole mobility. 

For NiTiSn, the main DOS peaks below E F are principally formed from Ni d states, 
while above the gap they are due to Ti d states. The situation observed for CoTiSb is 
slightly different. Here, the gap is two times larger; the electronic spectra deduced from 
KKR computations also differ from the DOS of NiTiSn. The d states of Co are separated 
by a gap, and only about 80% of the Co d states are filled below E F . The main peak 
of the Co d PDOS is shifted to higher energies, relative to the Ni d PDOS for NiTiSn, 
due to Co possessing a less attractive potential than Ni. The exact position of the Co d 
PDOS peak relative to the Fermi energy is also slightly different for CoTiSb and CoNbSn. 
Moreover, the filling of the d shell of Co in CoNbSn (W Y =Co,d = 7.54) is like that in CoTiSb 
(Wv=Co,d = 7.51) (see table 3). 

From the DOS spectra for the Y and Z sites in the above-mentioned systems (not drawn 
here), we see, that replacing Ti by Nb and Sb by Sn leads to a higher increase of d states 
below Ep than the corresponding decrease of p states at the Z site. Consequently, d states 
from X and Y sites in CoTiSb and CoTiSn are less hybridized than in CoNbSn. 

In this comparison we cannot neglect the influence of the Z position on the formation of 
the energy gap. The degree of hybridization between d states at X and Y sites and p states 
at the Z site may control the value of the gap. As can be observed from the p PDOS at the 
Z site, the hybridization is stronger if Z = Sb than if Z = Sn. Thus CoTiSb (with higher 
electronegativity of Sb) has a wider E g than NiTiSn and CoNbSn systems. Nevertheless, 
the d PDOS are very large on both sides of the gap, and hence its value may also be related 
to the splitting between bonding/anti-bonding wave-functions of transition metals (see the 
discussion). 

3.3. NiTiSb and CoVSb 

Adding one electron more to the semi-Heusler EC =18 compounds, at either the X or the 
Z position, turns the system metallic, with only one conduction electron per formula unit. 
When the density of states at the Fermi level is sufficient, as in CoVSb, Stoner's criterion 
is met and a ferromagnetic ground state occurs. Calculations show that, surprisingly, the 
magnetization arises from vanadium atoms. This behaviour may be explained by the fact 
that E F falls at a high peak of the d DOS for vanadium. The corresponding density for Co 
is significantly smaller, and thus the local Stoner criterion is not fulfilled. 

Both KKR and KKR-CPA methods indicate that the bands are fully polarized; thus 
CoVSb should be a half-metallic system (the right-hand column in figure 5) with a magnetic 
moment per Wigner-Seitz cell equal to 1.00 it B . The calculated local magnetic moments 
on Co, V and Sb are found to be -0.02, 1.03 and -0.03 ii B , respectively. However, this 
magnetization value is larger than that observed by Terada et al [11]. This disagreement 
may be due to the very rapidly varying DOS in this compound near E F : from the total 
DOS for CoVSb, we also conclude that the half-metallic ferromagnetism here is linked 
to the highly localized conduction states (a large peak of the DOS at E F ). A different 
ground state may be favoured in a real system; thus an analysis of the total energy variation 
as a function of polarization should be undertaken. One other reason for the discrepancy 
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between experiment and theory may be the atomic disorder between Co and V atoms: V 
has a smaller radius than other 3d metals which occupy the Y sublattice. It is close to that 
of Co and this may permit greater disorder. 

Now, passing to the NiTiSb system, we notice clearly that adding one electron at the X 
site (Co replaced by Ni) does not have the same effect as increasing the number of electrons 
at the Y site by replacing Ti by V. The electronic structure of NiTiSb (figure 5) shows 
striking differences when compared to that of CoVSb. Spin-polarized KXR computations 
indicate that the ground state of NiTiSb is non-magnetic. In contrast to the Co d states in 
CoVSb, the Ni d shell in NiTiSb is more or less filled (as in NiTiSn), and the states above 
the gap are formed with Ti d states. Due to a small value of the DOS at the Fermi level, 
neither Ni nor Ti atoms in NiTiSb retain magnetic moments. This result is in agreement 
with magnetization and resistivity measurements, which indicate vanishing magnetization 
and metallic character in NiTiSb. 

3.4. CoTiSn X - x Sb x and CoTi\- x Nb x Sn alloys 

In this section we compare the electronic structure and magnetic properties derived 
from KKR-CPA computations for the isoelectronic series of alloys CoTii-^Nb^Sn and 
CoTiSni-j^Sbjc (figure 7). In the CoTii_^Nb x Sn series (the right-hand column in figure 7) 
an increase of valence electron number is brought about by substitution at the Y site by a d 
element from the next group in the periodic table (Nb), while in the CoTiSni_ x Sb x series 
(the left-hand column in figure 7) it is effected by doping the Z site with Sb. 

Due to the different origins of the electrons at the two substitution sites, we expect 
different behaviours of the electronic structure and magnetism for the series, upon alloying 
the parent compounds. The total magnetic moment (fi W t) variations versus composition are 
presented in figure 4 for three series (the Coi_^Ni x TiSn series was investigated in [9]). As 
in experiments, the variations of /x rof (more or less proportional to fXco) change non-linearly 
in all cases. The alloy compositions for which ferromagnetic ordering disappears are also 
different for the different series. Taking into account the weak ferromagnetism in all of the 
samples investigated, the critical concentrations found from KKR-CPA calculations are not 
far from the experimental results. The starting value of 0.28 fi B for the magnetic moment 
of CoTiSn at x = 0 also slightly differs from the experimental value (0.35 /xb), which may 
modify it to tW dependencies. 

First let us consider CoTii_ x NbjrSn alloys. Here, an interesting observation concerns the 
concentration-dependent variation of the total magnetic moment, which exhibits a maximum 
in experiment and a plateau in the KKR-CPA calculations for Nb concentrations of about 
0.1-0.2. This is related to an increase in the d states at Y sites, which generates a small 
induced magnetic moment at this site for 0 < x < 0.2. It can be seen from the component 
DOS (the middle and right-hand columns in figure 8), which exhibits some polarization 
both at the Co site as well as at the Y site (mainly the Ti site) for x < 0.3. For higher 
Nb content, it is mainly the magnetic moment at the Co site that contributes to the total 
magnetization, which reaches zero for jc-values of about 0.6-0.7. Surprisingly, both the 
gap between the conduction and valence bands in the CoTii-^Nb^Sn series (the right-hand 
column in figure 7 and figure 8) and the exchange splitting become smaller as x increases. 

For x > 0.5 the density of states at the Fermi level subsequently decreases, reaching 
zero for x = 1.0 (an energy gap of about 0.4 eV occurs). This is supported by resistivity 
measurements, which show an increase of the resistivity in Nb-rich CoTii_ x Nb x Sn samples 
although, experimentally, CoNbSn appears to be more or less semi-metallic (see section 2.3). 

Crystallographic studies have shown that the solid solution was not continuous between 
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CoTiSn^b, CoTi^Nb^n 




0.0 0.3 0.6 0.9 0.3 0.6 0.9 

ENERGY (Ry) 



Figure 7. Total densities of states (from the KJCR-CPA method) for two disordered series: 
CoTi i _ x Nbjr Sn and CoTiSn \ _ x Sb x . 

CoTiSn and CoTiSb. In order to investigate the influence of the lattice parameter on the 
SC-metal transition, calculations were performed for the CoTiSni_^Sb x series with the true 
parameter (figure 7 and figure 9). The overall DOS shape is not significantly changed 
(for x > 0.5); only a global shift of energies is observed. In the CoTiSni^Sb^ series 
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0.3 0.6 0.0 0.3 

ENERGY (Ry) 



Figure 8. Component densities of states for X and Y sites in the disordered CoTii-xNbxSn 
series. For borderline concentrations the CDOS of one impurity in the matrix is shown, i.e. Nb 
in CoTiSn (x = 0) and Ti in CoNbSn (x = 1). 



(oppositely to the previous case), the gap between the conduction and valence bands slightly 
increases on approaching the CoTiSb compound (the left-hand column in figure 7). The 
spin polarization continuously decreases, reaching zero for x ^ 0.7, which corresponds well 
to magnetization measurements (jc = 0.6). Nevertheless, in contrast to the results of the 
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CoTiSn^Sbj 




0.3 0.6 0.9 0.3 0.6 0.9 0.3 0.6 0.9 

ENERGY (Ry) 



Figure 9. Component densities of states for X and Z sites in the disordered CoTiSni-jSb, 
series. For borderline concentrations the CDOS of one impurity in the matrix is shown, i.e. Sb 
in CoTiSn (x = 0) and Sn in CoTiSb (x = 1). 

transport experiments, the crossover to the semiconducting state is not observed in KKR- 
CPA spectra for intermediate concentrations, mainly due to non-zero contributions of states 
from Co and Sn atoms (figure 9). 

This rigid-band behaviour is a due to eight bands, which are filled for x — 1.0, so 
E F cannot fall into the gap for x < 1. Weakly doped samples probably still have a 
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semiconducting-like resistivity due to localization arising from the atomic disorder, which 
will be discussed in the next section. 

4. Discussion 

Some properties, such as the ferromagnetic-paramagnetic or metal-semiconductor 
crossovers, can be directly understood from electronic structure calculations, but other 
results are much less clear and need a more detailed discussion. We will first discuss 
the transport properties, and next the magnetic properties of these systems. 

4.1. Transport properties 

We first recall that the gap in the semiconducting phases cannot be properly estimated from 
our transport experiments below 300 K, due to their extrinsic character. Thus we must rely 
on the values calculated for the ideal structure within the LSD framework. Nevertheless 
we observe that the order of magnitude of the measured resistivity goes in the same sense 
as the calculated value of the gap, both values decreasing from CoTiSb, through NiTiSn, to 
CoNbSn. This can be simply due to the fact that CoTiSb is better ordered, having fewer 
impurity states, and CoNbSn is more disordered. One discrepancy between experiments and 
calculations is the following: when the electron concentration is decreased starting from 
a SC phase (EC = 18), the resistivity retains a semiconducting-like behaviour (negative 
temperature derivative) and a large magnitude at low temperatures up to a quite large value 
for the hole concentration in the lattice. Conversely, in most cases, the CPA calculations 
indicate that there is a finite DOS at £>, which implies a metallic state. This should be 
interpreted in the following way: the CPA calculations do not completely take into account 
the inhomogeneities in the sample — that is, the different local potentials experienced by 
carriers due to the chemical disorder — since the environment at an atom is replaced by a 
mean potential. The resistivity behaviour is indeed caused by the disorder. Anderson and 
Mott [25] have treated the case of disordered semiconductors, argued for the existence of a 
mobility edge, and described the mechanism of variable-range hopping (VRH) of carriers, 
due to localization at the deepest potential wells. In the present system, the typical VRH 
law: \n(R) varying as \/T l/4 or l/7* ,/2 , cannot be observed due to the extrinsic character, 
but hopping is the common mode of conduction in disordered semiconducting systems [26]. 

Different types of behaviour are indeed encountered in the present solid solutions. In 
the case of the Coi-jNUTiSn series, calculations as well as the experimental evidence for 
a localized moment on Co show that Co levels fall into the former gap of NiTiSn, which is 
a shortcoming of the rigid-band model. This can explain why the systems remains SC until 
either a percolation limit is reached, or the Fermi level falls below (for hole doping) the 
mobility edge, when Co levels collapse into a band. In the case of the CoTiSni_ x Sb x series, 
the discontinuity of the lattice parameter of the solid solutions shows that local environment 
effects must be larger. Conversely, the CoTii^Nb^Sn series looks correspondingly more 
homogeneous and the SC behaviour is indeed rapidly replaced by a metallic state close to 
the CoNbSn composition. 

4.2. Magnetic properties 

One first problem is to explain why some compounds present a constant paramagnetism and 
others a Curie-Weiss behaviour. Moriya and Kawabata [14] have shown that the existence of 
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strictly localized magnetic moments is not a necessary condition for the existence of Curie- 
Weiss behaviour. Generally, the Curie-Weiss behaviour has been found to be associated 
with a sharp peak of the DOS at E F . Thus we will try to relate magnetic properties to the 
density of states. We must also explain why localized states of Co diluted in NiTiSn have 
a small effective moment, why CoTiSb does not show any localized magnetic moments, 
and also why itinerant magnetic features are observed for narrow bands and, thus, close to 
a SC-metal transition. 

The first observation is that the semiconducting phases NiTiSn and CoTiSb as well as 
metallic NiTiSb present a susceptibility which does not depend on temperature, whereas 
CoTiSn and CoVSb present a weak ferromagnetism with a Curie-Weiss behaviour in the 
paramagnetic range. 

Let us first ask what the nature is of the semiconducting phase CoTiSb (charge- 
transfer, Mott-Hubbard, or another type of semiconductor), and why there is no Curie- 
Weiss magnetism in this compound. In contrast to the case of Ni in NiTiSn, the d shell of 
the Co atom is not filled. Electronic structure calculations show (table 3) that there is no 
more charge transfer from Sb to Co than from Sn to Co in CoTiSn: the number of electrons 
within the muffin-tin (MT) sphere of Co is the same for the two compounds, and from the 
partial d DOS the configuration of Co is about 3d 8 . Large electronic correlations within the 
d shell should maintain a strong intra-atomic coupling. Since Sb p levels are centred well 
below the gap and have a weak partial DOS on both sides of the gap, we conclude that this 
gap does not arise only from the charge transfer between Sb and metals. On the other hand, 
the energy bands (figure 6) show that the splitting between r25' (occupied t2 g states of Co 
and Ti below E F ) and the unoccupied level T 12 (e g states above the gap) is about 2 eV. 
The Co d PDOS is dominant below the gap, and Ti levels dominate above. Thus the gap 
seems to be due mainly to the hybridization between Co and Ti and the energy difference 
between bonding and anti-bonding states. 

The splitting of d states also indicates that the crystal field around Co is fairly large. 
In this case, according to Goodenough [27], the spin of the ground state resulting from 
the crystal field and spin-orbit coupling may be quenched. For a 3d 8 configuration in a 
tetrahedral interstice, it has been predicted that the ground state is a non-magnetic singlet 
(H representation), followed by a T 4 triplet [27]. This non-magnetic ground state expected 
for the ionic configuration may tentatively explain why CoTiSb fails to exhibit any Curie- 
Weiss behaviour, although this ionic picture should be treated with caution due to the strong 
hybridization with ligands. The hybridization itself, splitting the last occupied bands around 
the gap, may give rise to this non-magnetic situation. 

The constant paramagnetism for other semiconducting phases can be explained as for 
CoTiSb by a non-magnetic ground state or weak correlations (NiTiSn, CoNbSn), whereas 
for the NiTiSb metallic phase the more or less uniform Pauli susceptibility is related to a 
low density of states at E F . 

Conversely, the Curie-Weiss behaviour observed in CoTiSn (or CoVSb) is obviously 
associated with the presence of a high local density of states at E F , as revealed by band 
calculations, and can be rather well understood within the framework of itinerant-electron 
magnetism. Due to the presence of the gap, only one hole (or electron) participates 
in conduction and in magnetic ordering, which favours a ferromagnetic type of order. 
Surprisingly, the magnetic moment in CoVSb is expected to lie on the V atom which has 
the highest DOS at E Fl rather than on the Co atom. Such a situation should be verified by 
polarized neutron experiments on single crystals, which is the only way to measure such 
low ferromagnetic moments. 

For solid solutions like Coi_^Ni x TiSn, we pass progressively from one regime to the 
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other, and the susceptibility can be described by the superposition of a Curie-like term plus 
a constant susceptibility: x = (1 — x)C/T + xo- The Curie term comes from the rather 
well localized Co contribution, the other from other d electrons. This is a typical example 
of localization without a large change in the Co effective moment (1.1 /x B for Co diluted 
in NiTiSn, compared to 1.35 for pure CoTiSn). The KKR-CPA band calculations [9] show 
that the Co d levels tend to form acceptor levels in the gap of NiTiSn (a shortcoming of 
the rigid-band model), which gives rise to a non-homogeneous magnetism localized at the 
Co sites. The ferromagnetic order appears when these impurity states are close enough to 
give rise to a band and thus to a large enough density of states at Ep. A percolation limit 
can be defined which corresponds to about 0.4 of a hole per formula unit. 

The picture of spin quenching by the crystalline field can also explain, together with the 
weak ferromagnetism expected from the itinerant model, why the magnetic moment is so 
low for CoTiSn or for Coi_ x Ni x TiSn solutions. Crystal fields and hybridization give rise to 
a strong breakdown of Hund's rule and to a low-spin state. One interesting feature is that 
the effective moment remains close to 1.2 \l b for CoTiSn, for CoVSb and also for some 
other weak ferromagnets. 

Another peculiar feature is the observation of a susceptibility maximum in the 
CoTiSni_ x Sb x series close to CoTiSb. Such a behaviour has also been observed for some 
enhanced paramagnets (YC02 for instance) as for ZrZn 2 under pressure [12]. Most probably 
it is related to a pronounced minimum in the DOS at E Fi giving a positive second derivative 
n"(E F ); the existence of such a minimum is expected as a consequence of the former gap. 

4.3. Conclusions and further developments 

In summary, many very different behaviours have been observed in these semi-Heusler 
phases, from semiconductor to metal, from Pauli-like to Curie-Weiss paramagnet, from 
paramagnetic to ferromagnetic ground state. An overall agreement has been observed 
between experimental data and electronic band calculations. Some discrepancies remain, 
since calculations predict for example a ferromagnetic state for FeTiSb (but a non-magnetic 
state for (Feo.sEo.s^TiSb) and a fully polarized state for CoVSb which are not observed. 
Some of the discrepancies may be attributed to the crystallographic disorder in the real 
lattices and others to the extreme instability of the magnetic polarization near the magnetic- 
non-magnetic crossover. 

Further experiments are planned to investigate in more detail the appearance of 
magnetism at the Y site, and to follow by substituting for atoms from Ti to Mn the 
evolution of the ferromagnetic state from the weak-ferromagnet case to the case of complete 
ferromagnetic polarization and half-metallic behaviour, as found for NiMnSb. 
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